In Mediterranean mountains, Pinus sylvestris L. is expected to be displaced under a warming climate by more drought-tolerant species such as the sub-Mediterranean Quercus pyrenaica Willd. Understanding how environmental factors drive tree physiology and phenology is, therefore, essential to assess the effect of changing climatic conditions on the performance of these species and, ultimately, their distribution. We compared the cambial and leaf phenology and leaf gas exchange of Q. pyrenaica and P. sylvestris at their altitudinal boundary in Central Spain and assessed the environmental variables involved. Results indicate that P. sylvestris cambial phenology was more sensitive to weather conditions (temperature at the onset and water deficit at the end of the growing season) than Q. pyrenaica. On the other hand, Q. pyrenaica cambial and leaf phenology were synchronized and driven by photoperiod and temperatures. Pinus sylvestris showed lower photosynthetic nitrogen-use efficiency and higher intrinsic water-use efficiency than Q. pyrenaica as a result of a tighter stomatal control in response to summer dry conditions, despite its less negative midday leaf water potentials. These phenological and leaf gas exchange responses evidence a stronger sensitivity to drought of P. sylvestris than that of Q. pyrenaica, which may therefore hold a competitive advantage over P. sylvestris under the predicted increase in recurrence and intensity of drought events. On the other hand, both species could benefit from warmer springs through an advanced phenology, although this effect could be limited in Q. pyrenaica if it maintains a photoperiod control over the onset of xylogenesis.
Introduction
Plant species have evolved to optimize the use of available resources, developing different functional strategies to cope with limitations in light, nutrients and water. These functional adaptations occur at the whole-tree level, from leaf morphological and xylem structural traits to the timing and duration of physiological processes. The trade-offs between different traits ultimately determine a species competitive success and, therefore, its potential distribution range (Tyree et al. 1994 , Vitasse et al. 2014 , Limousin et al. 2015 .
One of the major tree functional adaptations to the surrounding environment is leaf habit. Leaves of evergreen species are able to photosynthesize for a longer span than those of deciduous species, which entails that they must cope with a wider environmental variability (Warren and Adams 2004, Baldocchi et al. 2010) . Consequently, evergreen species have dense, thick foliage with lower nitrogen contents and higher leaf mass per area, rendering leaves with lower photosynthetic capacity than deciduous trees (Reich et al. 1998 , Warren and Adams 2004 . Conversely, winter dormancy in deciduous trees prevents freezing damage and can reduce leaf respiration losses during periods when potential photosynthetic assimilation is low (Baldocchi et al. 2010 , Vitasse et al. 2014 . However, this means that deciduous trees must assimilate in a rather short period of time enough carbon to maintain their metabolism, rebuild their canopy and sapwood and replenish their carbohydrate reserves (Gallego et al. 1994) . This is particularly important for deciduous ring-porous species, which must renew their main hydraulic system every spring before budburst due to the cavitation of previous-year earlywood vessels (Granier et al. 1994 , Delpierre et al. 2016b Xylem formation results from a sequence of vascular cambium division and cell differentiation processes. These processes are similar in gymnosperms and angiosperms but result in different xylem anatomical structures, with the conductive system being formed by tracheids in the former and vessel elements in the latter (Plomion et al. 2001 , Delpierre et al. 2016b . Gymnosperms tend to have greater hydraulic safety margins than angiosperms, at the expense of lower gas exchange rates (Choat et al. 2012) . Along the continuum of species-specific stomatal response to drought, isohydric species, such as Pinus spp., are considered to have higher vulnerability to embolism and, therefore, tend to prevent xylem cavitation through early stomatal closure (McDowell et al. 2011 , Brodribb et al. 2014 , Klein 2014 . On the other hand, anisohydric species, such as Quercus spp., tend to be more resistant to cavitation and, thus, are able to maintain relatively open stomata during drought (McDowell et al. 2011 , Limousin et al. 2015 , Martín-Gómez et al. 2017 .
Due to the cyclical intra-annual variability in climate and photoperiod, temperate species adjust their period of maximum activity to optimize the use of available resources while minimizing the exposure to harmful environmental conditions (Cuny et al. 2012 , Vitasse et al. 2014 , Delpierre et al. 2016b . In Mediterranean mountainous ecosystems, this window of optimal conditions is reduced due to their cold winters and dry summers. An early growth onset may entail a higher risk of frost damage (Vitasse et al. 2014) , whereas a late cessation may be detrimental for the seasonal carbon balance due to summer drought. Leaf dormancy release and budburst have been widely recognized to be triggered by temperatures, particularly the prolonged exposure to cool, nonfreezing (chilling) temperatures, and photoperiod (Battey 2000 , Menzel et al. 2006 , Basler and Körner 2014 , Vitasse et al. 2014 , Delpierre et al. 2016b . Consequently, leafing has advanced in the last decades in response to climate warming, increasing growing season length (Menzel et al. 2006) . Conversely, little is known regarding the factors triggering xylem formation. Most research on cambial phenology has been conducted in boreal and northerntemperate conifers (e.g., Rossi et al. 2006b , Gruber et al. 2010 , Cuny et al. 2012 , whereas fewer studies have focused on angiosperms (Michelot et al. 2012 , Fernández-de-Uña et al. 2017 , Pérez-de-Lis et al. 2016 . Previous work indicates that temperature and photoperiod are also the main drivers of xylogenesis (Rossi et al. 2006b , Pérez-de-Lis et al. 2016 , Delpierre et al. 2016b . Rossi et al. (2008b) found that mean temperatures above 8°C are necessary to maintain metabolic processes during xylem production and differentiation, with temperatures below 4°C significantly limiting xylem growth. However, other factors, such as water availability, have also been suggested to significantly influence the onset and cessation of xylem formation (Gruber et al. 2010 , Eilmann et al. 2011 , Ren et al. 2015 , Fernández-de-Uña et al. 2017 . Likewise, life habit traits such as tree age have been shown to affect xylogenesis duration (Rossi et al. 2008a) . As well as studying the environmental factors that drive xylogenesis processes, it is important to understand how these interact with other functional processes such as leaf phenology (Cuny et al. 2012) , non-structural carbohydrate dynamics , Michelot et al. 2012 , Pérez-de-Lis et al. 2017 ), leaf carbon uptake or tree water use (Balducci et al. 2016 , Delpierre et al. 2016a .
Pinus sylvestris L. is a widespread Eurosiberian conifer with a southernmost limit found in Iberian mountain ranges. Conversely, Quercus pyrenaica Willd., a deciduous, ring-porous species, is well adapted to sub-Mediterranean mountain conditions . Under a warming climate scenario, P. sylvestris populations are expected to be displaced at low elevations by more drought-tolerant species such as Quercus spp. (Ruiz-Labourdette et al. 2012 , Martín-Gómez et al. 2017 . Understanding the environmental factors that drive these species physiology and phenology is, therefore, essential to assess the effect that changing climatic conditions could have on their performance and, thus, their potential distribution shifts. With this aim, we compared the cambial and leaf phenology, leaf chemical and morphological properties and gas exchange of Q. pyrenaica and P. sylvestris at the transition zone between both species. Additionally, we assessed the environmental variables that influenced the different cambial and leaf phenophases. Given the contrasting life strategies of the two species and that the study was performed at the dry altitudinal edge of P. sylvestris, we hypothesize that (i) key phenological events will be more dependent on water availability in P. sylvestris than in Q. pyrenaica; (ii) P. sylvestris will exhibit a tighter stomatal control of water losses than Q. pyrenaica, which will be translated into contrasting patterns of water and nitrogen-use efficiencies; and (iii) inter-annual variability in phenology and gas exchange will be greater in P. sylvestris due to its higher sensitivity to drought.
Materials and methods

Study site
The study site is located on the northern slope of the Guadarrama mountain range (central Spain, 40°51′35″N, 4°3′52″W, Tree Physiology Online at http://www.treephys.oxfordjournals.org 1350 m above sea level), at the limit between low-elevation Q. pyrenaica-dominated woodlands and high-elevation P. sylvestris forests. At the study site, the two species are distributed in monospecific patches of two distinct age classes, with old P. sylvestris trees (sampled trees being 103 ± 5 years old) associated with younger P. sylvestris (41 ± 4 years old) and Q. pyrenaica trees (42 ± 2 years old). Mean annual precipitation at the site was 728 mm and mean annual temperature 9.1°C during the period 1950-2014, with high inter-annual variability during the study period (2012-14; Figure 1 ). All sampled trees correspond to the control trees of the experiment described in Fernández-deUña et al. (2017) .
Intra-annual growth and cambial phenology
Cambial phenology was monitored with a frequency of 7-15 days between late March and late October-mid November during 2012-14. Micro-cores were extracted with a Trephor (Rossi et al. 2006a ) from six trees per species, three per P. sylvestris age class. Different trees were generally selected each study year to minimize possible inter-annual bias due to previous-year punching injuries. Micro-cores were conserved at 4°C in a 70% ethanol solution. Pinus sylvestris 2012 samples were cut in sections of 10-18 μm in thickness with a sliding microtome. This technique was, however, ineffective for Q. pyrenaica. Therefore, the rest of the samples were dehydrated with increasing concentrations of ethanol and xylene using a tissue processor (Leica TP1020, Leica Biosystems Ltd, Nussloch, Germany), embedded in paraffin and cut in 8-to -12-μm sections with a rotary microtome (Leica RM2135, Leica Biosystems Ltd, Nussloch, Germany). All micro-sections were stained with Safranin O and Astra Blue, dehydrated with increasingly graded ethanol solutions and xylene and mounted with either Canada balsam or distyrene plasticizer xylene (DPX).
Sections were observed under visible and polarized light to differentiate among the different xylem formation phases. Cambium and enlarging cells are characterized by the absence of glittering under polarized light. On the other hand, glittering cell walls evidence the presence of cellulose in the secondary cell wall and safranin-stained cell walls indicate the presence of lignin (i.e., cells undergoing the wall-thickening phase). Mature cells are identified by the absence of cellular content. For P. sylvestris, the number of tracheids in each developmental stage was counted along three radial rows and averaged per sampling date. Given Q. pyrenaica ring-porous wood structure, cells could not be counted along rows and therefore sections were photographed at a 10× magnification with an Olympus Colorview camera attached to a microscope (Olympus Vanox AHMT3, Olympus Corporation, Tokuo, Japan) in order to measure xylem increments along the year. For each sampling date, we counted the number of cambium cells and measured the width of earlywood and latewood at each developmental stage (enlargement and wall thickening phases, as complete tree-ring maturation could not be accurately assessed as not all cells within the ring lose their cellular content). Since earlywood vessel lignification is completed before latewood formation starts, enlarging and wall-thickening latewood was measured from the last earlywood vessel to the cambial zone (see Figure S1 available as Supplementary Data at Tree Physiology Online). Measurements were taken along three radial segments with ImageJ (Schneider et al. 2012 ).
Leaf phenology
Leaf phenology was monitored with the same frequency as cambial phenology. Budburst and leaf and needle maturation were recorded per species at the stand level in 2012. Afterwards, in order to improve the precision of the analysis on the relation between cambial and leaf phenological observations, leaf phenology was recorded at the tree level on the same individuals monitored for cambial phenology (i.e., six trees per species and year). Budburst was considered to have occurred when several breaking or open buds were observed in the trees under study. Leaf development was considered to start with budburst and Figure 1 . Climatic conditions during the study period. GDD, growing degree days; VPD, vapour pressure deficit. Vertical dashed lines mark the days in which gas exchange measurements were taken.
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Leaf physiological measurements
Morning (9:00-13:00 h) net leaf photosynthetic rate (A) and stomatal conductance to water vapour (g s ) and midday (12:00-16:00 h) leaf water potential (Ψ) were recorded in six trees per species, three per age class in P. sylvestris, in early-summer (June), midsummer (late July-early August) and late-summer (September) of 2012-14 (Figure 1 ). Due to technical problems, however, Ψ measurements could not be taken in September 2012 and no measurements could be taken in September 2014. One currentyear leaf or needle sprig was cut with pruning shears attached to a 3-m extension pole from sun-exposed branches from each sampled tree in the morning for gas exchange measurements and in the afternoon for water potential measurements. Both types of measurements were taken immediately after the collection of the leaves and sprigs. Gas exchange was measured under direct sunlight with an LCpro+ portable photosynthesis system (ADC BioScientific Ltd, Hoddesdon, Herts, UK). Average temperature, relative humidity and photosynthetically active radiation (PAR) were 16.6°C, 50% and 1534 μmol m −2 s −1 , respectively, for early-summer measurements, 22.0°C, 49% and 1393 μmol m −2 s −1 for mid-summer measurements, and 17.3°C, 49% and 1289 μmol m −2 s −1 for late-summer measurements (see also Figure 1 for general meteorological conditions on the dates when measurements were taken). Midday Ψ was measured with a Scholander pressure chamber (PMS Instrument Co. 7000, Corvallis, OR, USA). Midday Ψ were measured instead of predawn Ψ in order to better identify isohydric and anisohydric behaviours in the studied species. Quercus pyrenaica leaves collected for gas exchange measurements were scanned and their areas measured. For P. sylvestris, a subsample of the needles used for gas exchange measurements was scanned to measure needle area. Subsequently, leaves and needles (separated in the abovementioned subsample and the whole set of measured needles) were dried and weighed to obtain their specific leaf area (SLA; cm 2 g -1 ). For P. sylvestris, the total needle weight was multiplied by the SLA obtained from the subsample of needles to estimate the total needle area enclosed in the gas exchange chamber during gas exchange measurements and A and g s were adjusted accordingly. Additionally, intrinsic water-use efficiency (iWUE = A/g s ) was calculated for both species.
Leaf chemical analysis
Leaves and needles collected for gas exchange measurements were ground to analyse their carbon and nitrogen elemental concentration and stable isotope content (δ 13 C and δ 15 N, respectively). Samples of 3-4 mg were analysed on a PDZ Europa ANCA-GSL elemental analyser connected to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd, Cheshire, UK), with an average analytical precision of 0.06‰ and 0.1‰ for δ 13 C and δ 15 N, respectively. δ 13 C data were transformed to discrimination (Δ) following Farquhar et al. (1989) :
Source air δ 13 C (δ 13 C a ) data were obtained from NOAA Earth System Research Laboratory (White et al. 2015) . Additionally, foliar carbon and nitrogen concentrations were used to calculate the C/N ratio and photosynthetic nitrogen-use efficiency (PNUE), i.e., the ratio between A (μmol m −2 s −1
) and leaf nitrogen content per unit of leaf area (g m
−2
).
Meteorological data
Air temperature and humidity were recorded every 10 min with a HOBO Pro series temperature/relative humidity data logger (Onset, Cape Cod, MA, USA) installed at the study site in 2006. Daily precipitation data and missing temperature and humidity data were obtained from two meteorological stations of the Spanish Meteorological Agency (AEMET) located 8-10 km from the study site. Raw temperature, humidity and precipitation data were used to calculate different daily and cumulative meteorological variables for each day of the year (DOY) to assess the effect of climate on cambial and leaf phenology (Table 1) . Table 1 . Meteorological variables tested to assess the effect of climate on cambial and leaf phenological events. All variables were calculated for each day of the year.
Variable Definition
ChS0
Cumulative number of hours with temperatures below 0°C since 1 January ChS5
Cumulative number of hours with temperatures >0°C and <5°C since 1 January ChS7
Cumulative number of hours with temperatures >0°C and <7°C since 1 January ChS10
Cumulative number of hours a day with temperatures >0°C and <10°C since 1 January ChA0
Cumulative number of hours with temperatures below 0°C since 1 July ChA5
Cumulative number of hours with temperatures >0°C and <5°C since 1 July ChA7
Cumulative number of hours with temperatures >0°C and <7°C since 1 July ChA10
Cumulative number of hours with temperatures >0°C and <10°C since 1 July GDD daily Growing degree days GDD Cumulative growing degree days since 1 January GDD e
Cumulative growing degree days since the spring equinox VPD Vapour pressure deficit Prec Cumulative precipitation since 1 January Prec 30d
Precipitation fallen in the previous 30 days PET daily Daily potential evapotranspiration WB daily
Daily water balance PET Cumulative potential evapotranspiration since 1 January WB Cumulative water balance since 1 January
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Chilling is usually referred to as the sum of positive temperatures below 10°C that may release dormancy in trees; however, the optimal chilling temperature has been suggested to be around 2-4°C (Battey 2000) . Therefore, we tested three different temperature thresholds for calculating chilling: 5, 7 and 10°C. Additionally, we obtained the number of hours below 0°C to assess the effect of frosts. We calculated the cumulative number of freezing and chilling hours since the beginning of the calendar year (ChS0, ChS5, ChS7 and ChS10), to assess the effect of chilling and declining number of frost hours at the onset of the growing season, and since 1 July (ChA0, ChA5, ChA7 and ChA10), to assess the effect of late-summer and autumn frosts and decreasing temperatures on the cessation of phenological phases. Furthermore, growing degree days were calculated using a base temperature of 5°C (GDD daily ), which were then used to obtain the cumulative growing degree days since the start of the calendar year (GDD; Gričar et al. 2014) . As trees may remain in dormancy until the spring equinox regardless of temperatures , we also calculated the accumulated growing degree days since the spring equinox (GDD e ). Additionally, temperature and humidity data were used to calculate the daily vapour pressure deficit (VPD). Daily precipitation data were used to calculate for each DOY the amount of precipitation fallen since the beginning of the calendar year (Prec) and during the preceding 30 days (Prec 30d ). In order to assess the effect of drought on tree phenology, potential evapotranspiration on a daily basis (PET daily ) was calculated following the adaptation of Thornthwaite's approach developed by Pereira and Pruitt (2004) . Moreover, a daily water balance (WB daily ) was estimated as the difference between PET daily and daily precipitation. For each DOY, cumulative potential evapotranspiration (PET) and cumulative water balance (WB), calculated as the cumulative sum of PET daily and WB daily , respectively, since the beginning of the calendar year, were used as proxies of the water stress experienced by trees as the growing season progressed. Finally, the photoperiod, i.e., the daily number of day hours between dawn and sunset, was used to assess the effect of daylight availability on each species phenology.
Data analysis
In order to analyse phenological events, cambial and leaf phenology observations were transformed into binary (presence/ absence) data. Logistic functions were used to estimate the DOY at which the onset and cessation of each cambial and foliar developmental phase occurred. Generalized linear mixed models (GLMMs) with a binomial distribution, a logit link function and a random intercept to account for the effect of 'tree' were used to (i) test differences in phenology between species and (ii) assess the effect of different environmental factors on the onset and cessation of cambial and leaf phenological phases. First, binomial GLMMs with different fixed factors (DOY, Year, Species and the interaction 'Species × Year') were fitted to assess whether differences occurred between species in the onset and cessation of phenological phases. Generalized linear mixed models were compared using the Akaike Information Criterion (AIC). The fit of a model increases as AIC values decrease. Models with a difference in AIC (ΔAIC) <2 are equally informative (Burnham and Anderson 2002) and, therefore, if the ΔAIC between two models was <2, the most parsimonious model (i.e., with fewer variables) was selected. Afterwards, binomial GLMMs were used to assess the effect of climatic factors (Table 1) , photoperiod, age class (young or old, only for P. sylvestris) and preceding phenological phases (phase presence/absence) on the onset and cessation of cambial and leaf phenological phases. Models with different combinations of these variables were fitted and ranked based on their AIC. Final models were selected based on the abovementioned criteria (Burnham and Anderson 2002) . Differences between species and sampling dates in gas exchange and leaf chemical properties were assessed using GLMMs with a Gamma distribution and a log link function, except for g s , for which an identity link function was used, and Ψ and δ
15 N, that were tested using linear mixed models (LMMs).
Species, sampling date and the interaction 'Species × Date' represented fixed factors, whereas tree was included as a random effect on the intercept. When the model including the interaction had the lowest AIC, differences between species for each sampling date were assessed using Tukey contrasts. Tukey contrasts were also used to test differences in mid-summer measurements within species to assess inter-annual differences in gas exchange and leaf properties. Finally, we fitted A as a logistic function of g s and PNUE as a linear function of iWUE for each species on each period of the summer (early-, mid-and latesummer) to assess whether those relationships differed seasonally and between species. Differences between species in the slope of the latter relationship were tested by fitting a model that included the interaction 'Species × PNUE' and assessing whether this interaction was significant. All analyses were carried out with R version 3.1.1 (R Development Core Team 2014). Linear mixed models and GLMMs were fit with the package 'lme4' (Bates et al. 2014) . Multiple mean comparisons were performed with the package 'multcomp' (Hothorn et al. 2008) .
Results
Species differences in cambial and leaf phenology
The onset of xylem formation was significantly different between species, while differences among years were only observed in P. sylvestris (Table 2 and Figures 2 and 3) . Quercus pyrenaica earlywood growth was maximal in May, whereas maximum latewood growth occurred between late-June and early-July (Figure 2 ). Maximum growth in P. sylvestris occurred between the two Q. pyrenaica growth peaks, from late-May to mid-June (Figure 3) . The cessation of xylem cell enlargement was not significantly different between species (Table 2) . However, P. sylvestris had a significant year-to-year variability not present in Q. pyrenaica (Table 2) . No xylem growth was observed in autumn in either species (Figures 2 and 3) . Ring expansion generally took longer in Q. pyrenaica (119 ± 8 days in 2012, 140 ± 10 days in 2013 and 128 ± 14 days in 2014) than in P. sylvestris, which however exhibited a higher inter-annual variability (87 ± 10 days in 2012, 114 ± 19 days in 2013 and 138 ± 17 days in 2014).
Leaf development started after the beginning of xylem formation in both species. Budburst occurred synchronously among all trees within a species and significantly earlier in Q. pyrenaica (between DOYs 97 and 133, depending on the year) than in P. sylvestris (between DOYs 140 and 161, depending on the year) ( Table 2 and Figures 2 and 3) . On average, Q. pyrenaica and P. sylvestris required 34 and 41 days, respectively, to fully develop leaves. Quercus pyrenaica showed a secondary leaf sprout event, between DOYs 173 and 189, depending on the year, which coincided with the timing of latewood maximum growth (Figure 2 ).
Effect of environmental factors on cambial and leaf phenology
The onset of Q. pyrenaica xylem growth was controlled by photoperiod, which triggered enlargement at a predicted day-length of 12.54 hours, whereas the onset of earlywood vessel wall thickening was determined by GDD e , with a predicted threshold of 145°C (Table 3 and see Table S1 available as Supplementary Data at Tree Physiology Online). GDD e also regulated the cessation of earlywood growth. The model of the beginning of latewood formation with the lowest AIC was that containing GDD e and the presence of earlywood enlargement. However, this was not significantly different from models containing the latter and GDD, photoperiod or PET (see Table S1 available as Supplementary Data at Tree Physiology Online), indicating that the beginning of latewood formation was mostly affected by the absence (i.e., ending) of earlywood growth. The onset of latewood wall-thickening was influenced by the presence of latewood enlarging cells and PET. The cessation of latewood expansion was influenced by GDD and photoperiod (Table 3) . Budburst, which tended to coincide with earlywood wall thickening (Figure 2) , was affected by GDD, whereas the second leaf sprout mostly depended on GDD and photoperiod (Table 3  and see Table S1 available as Supplementary Data at Tree Physiology Online).
Pinus sylvestris tracheid enlargement, lignification and maturation were controlled by GDD e (predicted triggering thresholds: 87, 243 and 413°C, respectively; Table 4 and see Table S2 available as Supplementary Data at Tree Physiology Online). The cessation of xylem enlargement was influenced by water balance and photoperiod. Wall-thickening cessation was influenced by PET, GDD daily , the accumulated number of hours below 7°C since July and age class. Pinus sylvestris budburst was explained by GDD and photoperiod (Table 4 and see Table S2 available as Supplementary Data at Tree Physiology Online).
Species differences in gas exchange and leaf traits
Pinus sylvestris leaf gas exchange and chemical properties generally did not differ between age classes, with the exception of Δ, which tended to be higher in young trees (Figures S2 and S3 available as Supplementary Data at Tree Physiology Online). Leaf net photosynthesis and stomatal conductance were higher in Q. pyrenaica than in P. sylvestris (Figure 4) . For both species, the highest photosynthetic rates tended to occur during midsummer measurements. Stomatal conductance to water vapour (g s ) tended to follow a similar seasonal pattern to A, although it dropped more markedly in P. sylvestris at the end of the summer. Net leaf photosynthetic rate (A) and g s patterns resulted in a significant increase in iWUE from early-to late-summer in both species, although P. sylvestris showed significantly higher iWUE values in mid-and late-summer than Q. pyrenaica (Figure 4) . Conversely, midday Ψ decreased from early-to late-summer in Table 2 . Effect of species (Spp.) and year on Quercus pyrenaica and Pinus sylvestris phenology as given by the differences in the Akaike Information Criterion (ΔAIC) of the fitted binomial generalized linear mixed models. ΔAIC was calculated as the difference between the AIC of the model being assessed and the AIC of the model with the lowest AIC (i.e., the model with ΔAIC = 0). The best model is marked in bold. Tree Physiology Online at http://www.treephys.oxfordjournals.org both species and were consistently more negative in Q. pyrenaica than in P. sylvestris, particularly in mid-summer (Figure 4) . Regarding inter-annual differences in mid-summer measurements, A did not vary significantly among years in either species. Pinus sylvestris showed, however, significant differences in g s and iWUE among all the study years, whereas Q. pyrenaica only presented a significantly lower g s in 2012, the driest year, than in 2013. Quercus pyrenaica midday Ψ were significantly more negative in 2012 than in 2014, while P. sylvestris Ψ were significantly more negative in 2014 than in 2013 (Figure 4 ). Pinus sylvestris cambial (number of tracheids at each developmental stage) and leaf phenology by tree age class (Old and Young). Lightly shaded areas represent the standard deviations, whereas vertical shaded areas mark the period of needle development, from budburst to maturity.
Model
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Specific leaf area and leaf nitrogen content on a leaf mass basis were significantly higher in Q. pyrenaica than in P. sylvestris ( Figure 5 ). Specific leaf area tended to decrease along the vegetative period, particularly in P. sylvestris, whereas the C/N ratio increased in P. sylvestris and remained unchanged in Q. pyrenaica. δ 15 N and PNUE were significantly higher in Q. pyrenaica, whereas no differences in Δ were observed between species ( Figure 5 ). δ 15 N and Δ were constant along the summer in both species, whereas PNUE tended to increase in P. sylvestris in midsummer. Mid-summer SLA and C/N did not vary among years in Q. pyrenaica, whereas in P. sylvestris SLA was higher and C/N lower in 2013. No inter-annual change was observed in δ 15 N in either species, whereas PNUE was significantly higher in 2013 for both species. Δ showed no inter-year variation in P. sylvestris, while it was significantly higher in Q. pyrenaica in 2014 ( Figure 5) . The relationship between A and g s differed between species in mid-and late-summer (Figure 6a ). The rate of change of A as a function of g s was relatively constant throughout the three sampling dates in Q. pyrenaica, whereas it was higher in mid-and late-summer in P. sylvestris (Figure 6a ). The iWUE decreased with increasing PNUE, except for P. sylvestris in the early summer, when iWUE increased with rising PNUE (Figure 6b ). The slope of the relationship between PNUE and iWUE decreased along the summer for both Q. pyrenaica and P. sylvestris. The slopes of this relationship were significantly different (P < 0.016) between species in early-and mid-summer, whereas they became similar at the end of the summer (Figure 6b ).
Discussion
Divergent phenological strategies in Q. pyrenaica and P. sylvestris Pinus sylvestris and Q. pyrenaica differed in the environmental variables triggering cambial and leaf phenology at their respective driest and coldest local distribution limit, as hypothesized. Pinus sylvestris cambial phenology was more sensitive to climate parameters related to drought than Q. pyrenaica, presenting higher inter-year variability both at the beginning and the end of the growing season. The onset of Q. pyrenaica xylem formation was controlled by photoperiod. As periods with shorter day lengths are associated with higher frost risk, photoperiod is a reliable environmental cue for inducing and breaking winter dormancy (Basler and Körner 2014) . Holding cambial reactivation until a certain day-length is reached would therefore prevent the premature onset of growth as a result of mild periods in late winter, which could damage the hydraulic system if frost follows (Sperry et al. 1994 , Vitasse et al. 2014 . Light signals are perceived by photoreceptors called phytochromes. The amount of phytochromes affects the metabolism of growth-regulating hormones abscisic acid (ABA), gibberellins and auxins, which in turn affect the onset and cessation of growth (Olsen et al. 1997a , 1997b , Horvath et al. 2003 . Rising temperatures in spring have also been related to the increased sensitivity and concentration of shoot-synthesized auxin (Sorce et al. 2013) . Indeed, the rest of Q. pyrenaica cambial phenophases (except for latewood wall-thickening), as well as the onset of all P. sylvestris xylogenesis phases, were mostly affected by temperatures, as also found in other studies (Gruber et al. 2010 , Kudo et al. 2014 , Pérez-de-Lis et al. 2016 , Delpierre et al. 2016a ). Nonetheless, photoperiod still exerted some control over these phases as GDD e was generally a better predictor than GDD ). This temperature control over cell wall-thickening and maturation would further protect the newly formed xylem from suffering freeze-thaw-induced cavitation before becoming hydraulically active (Sperry et al. 1994 , Vitasse et al. 2014 . Budburst has also been widely recognized to be triggered by temperatures and photoperiod, as observed in our study, to avoid frost damage to newly formed leaves (Menzel et al. 2006 , Vitasse et al. 2014 , Delpierre et al. 2016b ). LogLik, log-likelihood; EW, earlywood; LW, latewood; E, enlargement; W, wall-thickening; PP, photoperiod; GDD e , growing degree days since the spring equinox; EWE, presence of earlywood enlargement; PET, cumulative potential evapotranspiration; LWE, presence of latewood enlargement; GDD, growing degree days since the beginning of the calendar year. LogLik, log-likelihood; E, enlargement; W, wall-thickening; M, maturation; GDD e , growing degree days since the spring equinox; WB, cumulative water balance; PP, photoperiod; PET, cumulative potential evapotranspiration; GDD daily , daily growing degree days; ChA7, cumulative number of hours with temperatures >0°C and <7°C since 1 July; AgeY, age class 'Young'.
Tree Physiology Online at http://www.treephys.oxfordjournals.org Budburst in P. sylvestris was unrelated to cambial phenophases, although it always occurred after cambial activity resumption, concurring with previous studies (Cuny et al. 2012 , Michelot et al. 2012 , between the onsets of secondary wall thickening and tracheid maturation. Conversely, budburst in Q. pyrenaica tended to coincide with or shortly followed earlywood vessel lignification. Due to the cavitation of previous-year earlywood vessels, ringporous trees must build a functional hydraulic system before leaf unfolding to provide sufficient water supply to the expanding leaves (Granier et al. 1994 , Delpierre et al. 2016b . Quercus pyrenaica would rely, therefore, on a good synchronization among its cambial and leaf phenological phases to maximize the period of carbon uptake, as suggested by the faster leaf maturation and earlier peak in leaf stomatal conductance and photosynthetic rates in this species than in P. sylvestris. In P. sylvestris, however, tracheids can be hydraulically functional for several years and photosynthetic activity in old needles can provide carbohydrates for the formation of current-year needles and xylem (Michelot et al. 2012 , Delpierre et al. 2016b , which would make the synchronization between canopy and xylem phenology less critical in this species.
Pinus sylvestris growth peaked in late-May/early June, concurring with previous studies in temperate and Mediterranean ecosystems (Camarero et al. 2010 , Gruber et al. 2010 , Cuny et al. 2012 ). As found in previous studies (Gruber et al. 2010 , Eilmann et al. 2011 , Fernández-de-Uña et al. 2017 , water deficit exerted a strong control over the cessation of P. sylvestris xylogenesis, with xylem enlargement being completed more than a month earlier in the driest year than in the wettest one. High evapotranspiration rates cause a reduction in leaf and xylem water potentials, as corroborated by Ψ measurements. These directly influence hydrostatic pressure and cell turgor, which, together with other factors, may inhibit cell division and expansion (Abe et al. 2003) . Drought also affected the completion of tracheid maturation in P. sylvestris, together with increasingly cooler temperatures and tree age, with old trees finishing annual ring formation earlier than young trees, especially in the driest year. Conversely, the cessation of Q. pyrenaica xylem growth was unaffected by water deficits, but influenced by temperatures and photoperiod. This photoperiod control over the end of this species' xylogenesis, evident also in the concurrence of latewood maximum growth and the summer solstice, would ensure enough time to replenish carbohydrate Figure 4 . Gas exchange differences between species and sampling dates. Lower case letters indicate differences among measurement dates in Q. pyrenaica and capital letters indicate differences among measurement dates in P. sylvestris. Differences between species are marked in bold. A, photosynthetic rate; g s , stomatal conductance; iWUE, intrinsic water-use efficiency; Ψ, leaf water potential. Figure 5 . Leaf chemical properties differences between species and sampling dates. Lower case letters indicate differences among measurement dates in Q. pyrenaica and capital letters indicate differences among measurement dates in P. sylvestris. Differences between species are marked in bold. SLA, specific leaf area; C/N, C/N concentration ratio; δ 15 N, nitrogen isotope content; PNUE, photosynthetic nitrogen-use efficiency; Δ, discrimination.
Tree Physiology Volume 38, 2018 reserves, which are required to build the following year's earlywood and foliage (Hoch et al. 2003 , Michelot et al. 2012 , Pérez-de-Lis et al. 2017 .
Divergent leaf physiological strategies in Q. pyrenaica and P. sylvestris
The greater inter-annual variability and higher dependence on water availability observed in P. sylvestris cambial phenology compared with that of Q. pyrenaica was also found in leaf gas exchange performance, which confirmed P. sylvestris higher susceptibility to drought, particularly at its dry altitudinal limit (Poyatos et al. 2013 , Martín-Gómez et al. 2017 . Photosynthetic rate (A) and g s were higher in Q. pyrenaica than in P. sylvestris, as hypothesized, even in the driest year when Q. pyrenaica maximum stomatal conductance dropped in response to intense drought. This species' ability to use deeper soil water reserves may allow trees to maintain stomata open despite the decrease in midday Ψ observed along the summer due to increasing evaporative demand and soil water deficits (Gallego et al. 1994 , Hernández-Santana et al. 2008 . Quercus pyrenaica seems, hence, to be welladapted to resist summer drought as long as soil water reserves are accumulated in spring (Gallego et al. 1994 , Hernández-Santana et al. 2008 . Midday Ψ were consistently less negative in P. sylvestris as a result of a tighter stomatal control, which also resulted in higher iWUE in this species than in Q. pyrenaica as the growing season progressed. These behaviours are consistent with a more anisohydric, non-water-conservative strategy in Q. pyrenaica and a more isohydric response in P. sylvestris (Gallego et al. 1994 , Poyatos et al. 2008 .
The observed inter-specific differences in leaf properties and gas exchange can be partially explained by the overall divergences between evergreen and deciduous leaf morphologies (Reich et al. 1998 , Warren and Adams 2004 . Specific leaf area and nitrogen concentrations were higher in Q. pyrenaica than in P. sylvestris. Given the higher photosynthetic rates in Q. pyrenaica, this was translated into a higher PNUE in this species compared with P. sylvestris. The inverse relationship between PNUE and iWUE observed in both species may therefore result from the contrasting effect that the feedback between water loss control and carbon uptake has on these variables (Zheng and Shangguan 2006, Limousin et al. 2015) . Species-specific seasonal changes in this relationship reflect, however, that the interplay among A, g s and leaf N content goes beyond a mere assemblage of these functional traits in the compromise among carbon fixation, water loss control and leaf nitrogen optimization and would point to species-specific strategies to face these trade-offs. In Q. pyrenaica, the fast Tree Physiology Online at http://www.treephys.oxfordjournals.org development of leaves with a high PNUE would result in leaf functional performance focused on optimizing carbon fixation per nitrogen unit at the expense of a lower iWUE (lower intercepts, Figure 6b ), as also suggested by its higher leaf SLA and lower C/N ratio (Pons and Westbeek 2004) . Conversely, in P. sylvestris, a later needle physiological maturation and a more water saving strategy would prioritize a higher iWUE at the expense of lowering PNUE (higher intercepts, Figure 6b ), causing sharper shifts in iWUE with increasing PNUE as water deficit increased and g s was more strongly constrained than A. This species' later needle development may also explain the seasonal changes in PNUE, following shifts in the C/N ratio and, to a lesser extent, SLA, as well as changes in A.
Even though leaf iWUE was significantly higher in P. sylvestris than in Q. pyrenaica, no significant differences were found between species or sampling dates in Δ. Instantaneous gas exchange measurements record iWUE under maximum, lightoptimal conditions, whereas Δ integrates a longer time span, including periods of low photosynthetic activity, and isotope fractionation as a result of carbohydrate storage and transport (Offermann et al. 2011) , which may explain the differences between instantaneous and δ 13 C-derived iWUE. Nonetheless, Δ was higher in 2014, the wettest year, as result of a lower integrated iWUE.
Relationships between intra-annual growth and gas exchange dynamics
The highest photosynthetic rates were observed in mid-summer, when most of xylem enlargement was already completed. Moreover, photosynthetic carbon uptake remained high in September, particularly in Q. pyrenaica, when cambium was already dormant (except in P. sylvestris in 2014). Radial growth comprises only 30-70% of the vegetative period (Zweifel et al. 2006) . For the remaining time, assimilated carbon may be allocated to cell wall lignification, which was observed in P. sylvestris until November, root growth and formation of new buds, used to maintain secondary metabolism or accumulated as reserves (Bréda et al. 2006 , Cuny et al. 2015 , Delpierre et al. 2016b ). Accumulation of non-structural carbohydrates has been observed once cambial activity decreases , Pérez-de-Lis et al. 2017 . This period of carbon accumulation would be particularly important for deciduous ring-porous species such as Q. pyrenaica, which rely on stored carbohydrates to form the following year's earlywood vessels and leaves (Hoch et al. 2003 , Michelot et al. 2012 , Pérez-de-Lis et al. 2017 . This is supported by the fact that in 2014, a wet year, the date of Q. pyrenaica growth cessation did not significantly differ from that of previous, drier years, indicating that it may have favoured reserve accumulation over increased growing season length, whereas P. sylvestris extended its growing season up to September. In this species, summer drought caused an earlier cessation of growth and a strong decrease in stomatal conductance. These responses may be interrelated due to the fact that both processes have been suggested to be signalled by an increase in ABA concentrations under soil water depletion (Sorce et al. 2013 , Brodribb et al. 2014 . Altogether, these results corroborate the higher susceptibility to water deficits in P. sylvestris than in Q. pyrenaica observed under the rainfall exclusion treatment at this site (Fernández-de-Uña et al. 2017) . The observed relationships between the studied traits and different temperature-related climatic variables suggest, however, that not only drier but also warmer conditions could have a great impact on the phenology of both species and, hence, their performance.
Quercus-Pinus competition: implications under a changing climate
Pinus sylvestris and Q. pyrenaica displayed contrasting phenological and physiological strategies at the former's warmest and driest and the latter's coldest edge of their current local distributional ranges. The onset of xylem formation processes was mostly affected by temperatures in the two studied species. Hence, both species could benefit from warmer springs through an advanced phenology, although this effect could be limited in Q. pyrenaica if it maintains a photoperiodic control over the onset of xylogenesis or if late frosts cause freeze-thaw-induced cavitation on newly formed earlywood vessels (Sperry et al. 1994 , Liu et al. 2018 ). On the other hand, the different stomatal responses to increasing drier conditions in the summer were associated with species-specific water-use strategies, which allowed Q. pyrenaica to achieve much higher photosynthetic rates. Conversely, P. sylvestris cambial phenology and leaf gas exchange were significantly constrained by summer drought. The deeper rooting depth of Quercus spp. (Canadell et al. 1996) , together with the greater suctions that Q. pyrenaica can attain due to its more negative water potentials, may confer this species a competitive advantage over P. sylvestris under the increasingly drier conditions in summer and, therefore, under the predicted increase in recurrence and intensity of drought events. In fact, species distribution projections for the region predict an upward displacement of P. sylvestris in favour of sub-Mediterranean species such as Q. pyrenaica (Ruiz-Labourdette et al. 2012) . Drought-induced mortality events and mistletoe infestation have already been observed in the area in P. sylvestris (Gea-Izquierdo et al. 2014 , Fernández-de-Uña et al. 2017 . Similarly, studies in the Pyrenees and the Alps have evidenced the higher vulnerability to drought of P. sylvestris compared with neighbouring sub-Mediterranean oak species (Poyatos et al. 2008 , Eilmann et al. 2009 , Rigling et al. 2013 , Martín-Gómez et al. 2017 , which has translated into increased drought-related defoliation and mortality of P. sylvestris trees at its lower elevation limit Piñol 2002, Galiano et al. 2010) . Moreover, these losses were followed by higher Quercus spp. seedling densities rather than by P. sylvestris regeneration (Galiano et al. 2010 . The evidence gathered through this and the abovementioned studies therefore provides physiological support to species distribution projections that predict an upward shift of more drought-tolerant species like sub-Mediterranean oaks at the expense of less drought-tolerant species such as P. sylvestris.
Conclusions
The photoperiod and temperature control over Q. pyrenaica phenology observed in our study, together with the high photosynthetic performance during the summer despite increasingly drier conditions, suggest that this species may have adapted and synchronized its cambial and foliar phenology to avoid frost damage to the main hydraulic system in early spring and maximize carbon uptake during summer. The tighter stomatal control in P. sylvestris led, on the other hand, to higher iWUE in this species than in Q. pyrenaica, indicating a stronger vulnerability to moisture scarcity. This higher sensitivity to water availability of P. sylvestris was also evident in its cambial phenology, with a shorter duration of xylem formation in response to dry conditions. These results may portend a higher vulnerability to the increase in intensity and recurrence of droughts predicted under climate change scenarios in P. sylvestris compared with the more drought-tolerant Q. pyrenaica. Nonetheless, given the significant effect of temperatures on the onset of xylem and foliar development processes, both species could benefit from warmer winters and springs through an earlier phenology. This effect could be, however, minimized in Q. pyrenaica if trees maintain a photoperiod control over the onset of xylogenesis or if drier conditions arise in spring, hindering the replenishment of soil water reserves, which could limit carbon uptake during the summer.
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